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We introduce our survey of galaxy groups at 0.85 < z < 1, as an extension of the Group 
Environment and Evolution Collaboration (GEEC). Here we present the first results, based on 
Gemini GMOS-S nod-and-shuffle spectroscopy of seven galaxy groups selected from spectro- 
scopically confirmed, extended XMM detections in COSMOS. We use photometric redshifts 
' to select potential group members for spectroscopy, and target galaxies with r < 24.75. In 

ly-j , total we have over 100 confirmed group members, and four of the groups have > 15 mem- 

■ bers. The dynamical mass estimates are in good agreement with the masses estimated from 

the X-ray luminosity, with most of the groups having 13 < logM^ yn /MQ < 14. We com- 
pute stellar masses by template-fitting the spectral energy distributions; our spectroscopic 
sample is statistically complete for all galaxies with A/ Sta r k, 10 10a Mq, and for blue galax- 
ies we sample masses as low as A/ Star ~ 10 8 ' 8 M Q . The fraction of total mass in galaxy 
starlight spans a range of 0.25-3 per cent, for the six groups with reliable mass determina- 
tions. Like lower-redshift groups, these systems are dominated by red galaxies, at all stellar 
masses Af sta r > 10 101 M Q . Few group galaxies inhabit the "blue cloud" that dominates the 
surrounding field; instead, we find a large and possibly distinct population of galaxies with in- 
termediate colours. The "green valley" that exists at low redshift is instead well-populated in 
these groups, containing ~ 30 per cent of the galaxies. These do not appear to be exceptionally 
dusty galaxies, and about half show prominent Balmer-absorption lines. Furthermore, their 
HST morphologies appear to be intermediate between those of red-sequence and blue-cloud 
galaxies of the same stellar mass. Unlike red-sequence galaxies, most of the green galaxies 
have a disk component, but one that is smaller and less structured than disks found in the 
blue cloud. We postulate that these are a transient population, migrating from the blue cloud 
to the red sequence, with a star formation rate that declines with an exponential timescale 
0.6Gyr < r < 2Gyr. Such galaxies may not be exclusive to the group environment, as we 
find examples also amongst the non-members. However, their prominence among the group 
galaxy population, and the marked lack of blue, star-forming galaxies, provides evidence that 
the group environment either directly reduces star formation in member galaxies, or at least 
prevents its rejuvenation during the normal cycle of galaxy evolution. 
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1 INTRODUCTION 

Galaxy evolution since about z ~ 2 is characterized gener- 
ally by the cessation of star formation. On average, the star 
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formation rate density in the Universe has dec l ined by a fac- 
tor ~ 10 since tha t time (e.g. ILillv etalj[l996l ; iHopkinsI [20041 ; 



lGilbanketai1l2010h . Th e rate of decline a p pears to depend on 
both stellar mass (e.g. Cowie et al. I 1 1994 ljuneau et alj 120051 ; 



iNoeske et alj 



20071; iBell et al j|2007l;lGilbank et alfeoid) and envi- 



ronment (e.g. 


Poggianti et al. 2006; Cooper et al. 2008; Maier et al. 


20091; Iovinoetal. 20ld: Vulcani et al. 


2010; Pengetal 


201Cfc 


Cucciati et al. 20ld; Sobral et al. 20ld; 


McGee et alj 2010 


). This 



leads to a fairly consistent empirical description, at least for mas- 
sive galaxies. The galaxy population is well-modeled by having star 
formation "quenched" on relatively short timescales; this quench- 
ing happens first for the most massive gala xies, and later for 
lower-mass systems (e.g. INoeske et alj|2007l). This evolution is 
somewhat accelerated in denser environments jlovino et alj|20ld : 
IVulcani et al.ll2O10l ; ILi et aljfeoid) . especially for the lowest-mass 
galaxies studied to date. 

However, we lack a clear understanding of the physical pro- 
cesses driving this evolution. It appears that the dependence o n 
stellar-mass and environment are separable tealdrvetal.1l2006h 



and li kely point to different mechanisms. Recently. IPeng et all 



fcoich have proposed an interesting empirical description of this, 
where the quenching rate is described by one term that is propor- 
tional to star formation rate, and another that is related to the local 
density. This works surprisingly well, but still doesn't lend itself to 
a clear physical interpretation. 

Galaxy formation models are too complex and under- 
constrained to provide an unequivocal answer at this time. How- 
ever, they do indicate that parametric treatments of energy input 
due to supernova and supermassive black hole accretion can do a 
reasonable job of explaining the mas s-dependent quenching (e.g. 
ICroton et al j|2006l ; iBower et al.l l2008). The environmental term is 
accounted for to some extent in the so-called "halo model", where 
the central galaxy of a given dark mat ter halo is treated some- 
how differently from t he satellites ( e.g. Gilbank & Baloghl |2008l : 



ISkibba & Shethl 120091 ; IMcGee et alj|2009h . Such a distinction is 
expected at some level, since the hot gas that is thought to fill a 
common halo should, for the most part, cool and condense only 
onto the central galaxy. Much of the hot gas associated with satel- 
lite galaxies will likely get tidally stripped, ram-pressure stripped, 
or shock heated until it becomes part of the common halo (e.g . 
iMcCarthv et al.l2008l ; lKawata & Mulchaey|2008l ; lFont et al.l2008h . 
This picture relies on a number of untested assumptions, however, 
and simple implementations of this do not do a very good job of 
pre dicting the observed star formation histories of g r ouped galax- 
ies dWeinmann et alj|2006l ; iGilbank & Baloghl 120081 ; IBalogh et al] 
l2009h . 

The study of galaxy evolution in dense environments has been 
hampered by several observational difficulties. The easiest place 
to l ook is in the cores of rich clusters at relatively low redshift 
(e.g.lBalogh et alJI 19971; IPoggianti etafll 19991; IBalogh et al.|[20o3 ; 

car 



iLewis et al] 120021 ; iGomez et alj |2003l ; iLu et alj 120091. and many 
others). But the cores of rich clusters are extreme environments 
where, for example, ram -pressure stripping can remove even the 
cold gas from disks (e.g. lOuilis et alJl200d ; lKoopmann & Kennevl 
l2004h. and galaxy intera ctions effectively distort galaxy morpholo- 
gies dMoore et alj|l996h . These are interesting processes, but are 
unlikely to be the explanation for tren ds observed in lower-density 
environments (e.g. lBalogh e t al. 2004). Moreover, low redshift sys- 
tems provide additional challenges. Galaxies at low redshift are 
generally older and more gas poor, due to normal evolution, so 
there is less potential for environment to disrupt star formation. 
Also, the accretion rate of new, relatively gas-rich galaxies, into 



clusters is lower th an it was in the past (e.g. lEllingson et"ai]|200ll; 
IMcGee et al]|2009h . and recently accreted galaxies will represent 
a small fraction of the entire population which has built up over a 
Hubble time. So there is less opportunity to catch galaxies in the 
act of transformation, if such a process occurs. 

Thus, the best place to observe environmentally-driven evolu- 
tion in action is in gas-rich, low-mass galaxies inhabiting small 
groups, at relatively high redshift. This was the motivation be- 
hind the Group Environment and Evolution Collaboration (GEEC), 
that began with deep Magellan LDSS3 spectroscopy of groups 
at 0.3 < z < 0.5 5, selected from the CNOC2 survey fields 
(Wilm anet al.l20 05a.b). In a series of papers we showed that while 
disk-dominated, star forming galaxies of a given stellar mass are 
less common in groups than in the general field, the properties of 
the star-for ming population it self seems independent of environ- 
ment (e.g. Mc Gee et ai] |20ld) . This is surprising, as it suggests 
that either the transformation is very rapid, or the number of galax- 
ies undergoing transformation at the epoch of observation is small. 
At the same time, group galaxies look much more li ke the general 
field i n most respects than is the case at lower redshift ( iMcGee et al] 
l20ld) . This suggests th at evolution in groups is a relatively recent 
phenomenon (see also ILu et a 1. 200§). 

Nonetheless, groups at z ~ 1 and beyond still show a larger 
populatio n of passively-evo lving galaxies than the surrounding 
field (e.g. ICooper et aljuOlOO . Interestingly, however, there is in- 
creasing evidence that those galaxies that are forming stars, are 
doing so at a higher r a te than field galaxies of similar stellar 
mass jElbaz et al] |2007l; iMuzzin et alj|2008j; ICooper et al]|2008l; 
l ldeue et alj|2009l ; ISobral et alj|20ld ; lLi et aljhoidJKocevski etail 
l20ld) . It may be at this epoch that dense environments stimulate 
star formation, leading to a rapid consumption of gas and leading 
to the dominant old population at z = 0. The joint density- and 
mass-d ependence of this effect is nicely illustrated by Sob ral et al] 
d20ld) . The higher accretion rate, and younger age of the Universe, 
has led us to predict th at there will be mor e diversity among galaxy 
groups at this redshift jMcGee et"al]|2009h . 

We have thus embarked on an ambitious spectroscopic cam- 
paign, using the GMOS spectrographs on Gemini North and South 
to study the galaxy p opulations in ~ 20 groups, mostly selected 
within the COSMOS dScoville et al.l2007bl) survey fields. The deep 
spectroscopy achieves two main goals. First, we can study galax- 
ies with low stellar mass; our sample is complet e for red galaxie s 
1.0 mag fainter than the zCO SMOS 10k survey jLillv et al]|2007l) . 
0.65 mag fainter than DEEP2 dCooper et alj2008n and ~ 0.25 mag 
fainter than EDisCS at this redshift lHallidav et al]|2004l) ; for blue 
galaxies we are complete to even fainter magnitudes. This depth is 
vital for studying environmental effects , which appear to be most 
important for the lowest-mass galaxies dCucciati et aT]|20ld) . Sec- 
ondly, the depth allows us to obtain ~ 20 spectroscopic members 
per group, which is sufficient to estimate the dyn amical mass, and 
dynamical state, of each group jHou et alj r2009). Moreover, it al- 
lows us to consider the galaxy population of individual groups, or 
subsets of groups. Thus, we can attempt to link transient galaxies 
to the dynamics or recent accretion history of the larger-scale en- 
vironment. 

We present our data, including a full description of the group 
and spectroscopic selection, in § [2] The basic analysis of redshift 
and stellar mass measurements, and determination of group dynam- 
ical masses, is presented in §[3] Our main results, on the stellar frac- 
tion and the discovery of a dominant group population of galaxies 
with intermediate colours, spectral type and morphology, are pre- 
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sented in § [4] Finally, we discuss the implications of our results, 
and summarize our conclusions, in §|5] 

Throughout the paper, we assume a cosmology with Q m = 
0.3, n A = 0.7 and h = H a / (lOOkm/s/Mpc) = 0.7. All magni- 
tudes are on the AB system. 



2 DATA 

2.1 The parent catalogues 

Our survey targets galaxy groups within the COSMOS field 
dScoville et ail20 07b). This field benefits from a wide range of pub- 
licly available, deep, multiwavelength photometry. The backbone is 
the widest Hubble Space Telescope (HST) survey ever undertaken, 
covering ~ 2 square degre es with the F814W filter on the Ad- 
vanced Camera for Surveys dScoville et alj200"7ah . In addition, we 
will make use of the d eep X-ray obse rvations obtained with XMM 
(Hasinger et al. 2007) and Chandra dElvis et al]|2009l); 3.6u m - 
24/im data from Spitzer IRAC and MIPS dSanders et al.l2007l) . and 
ground-bas ed optical and nea r-infrared photometry from a variety 
of sources dCapak et al]2007t) . 

Our survey is built on three important contributions to COS- 
MOS. First are the exquisite photometric redshifts, derived from 
the photometry o f 30 broad, intermediate and narrow-band filters 
dllbertetal .1 ,2009). These are derived using a template-fitting tech- 
nique, and calibrated based on large spectroscopic samples. Even 
for the faintest galaxies in our sample, most of the objects have 
photometric redshifts determined to better than 10 per cent (see 
§|23j}- Secondl y we use the 10K release of the zCOSMOS spec- 
troscopic survey jLillv etal J 120071120091) . from which we obtain 
redshifts for moderately bright galaxies (Iab < 22.5) over most 
of the survey area. This is a sparsely-sampled redshift survey, with 
~ 40 per cent sampling completeness. 

The th ird pillar of our survey comes from analysis of the deep 
X-ray data (Finoguenov et al. 2007). Using an established wavelet 
technique (e.g. iFinoguenov et al.l 2009. l201Ch it has become pos- 
sible to detect extended X-ray emission from groups of galaxies 
out to z ~ 1. Identification of group redshifts is done using all 
available spectroscopy, including but not limited to the 10K zCOS- 
MOS survey. The combination of X-ray and redshift data pro- 
vides a robust catalogue of groups and clusters, to enable follow- 
up (Finoguenov et al., in prep). Masses a re estimated from X-ray 
scaling relations (e.g. iRvkoff et alj|2008|), and calib rated from a 
stacked weak-lensing analysis (Leauthaud et al. 2010). Catalogues 
based on redshift only (e.g. lGerke et~ai1l2005k iKnobel et alJI 20091) 
are powerful tools with which to probe the evolution in the average 
properties of groups. However, such catalogues suffer from con- 
tamination and projection effects which make it difficult to inter- 
pret studies of individual systems. The cross-correlation with X-ray 
allows one to obtain a more robust sample of groups. This poten- 
tially introduces a scientifically interesting bias, if groups with X- 
ray emission have fundamentally different populations from groups 
of similar mass without such emission. However, the main dif- 
ference between optically- and X-ray-selected samples seems to 
be prima rily just that the latter preferentially selects more massive 
system s dJeltema et ai]|2009k IFinoguenov et al.ll2009l ; lBalogh et all 
2010). We thus use this catalogue as the basis of our group selec- 
tion, which we describe in the following subsection. 



2.2 Galaxy group selection 

For our survey, we are interested in the lowest-mass groups that are 
robustly identified, and within the redshift range 0.85 < z < l.We 
considered all groups in the Finoguenov et al. (in prep) catalogue, 
that lie within this redshift range, have at least 3 spectroscopically- 
determined members, and were considered secure identifications. 
Specifically, we consider groups that are either category 1 (good 
detection, with a well-determined X-ray centre) or category 2 (se- 
cure detection, but with an unreliable X-ray centre). There are 21 
groups satisfying this selection. Of these, we have given preference 
to the lowest-mass, highest redshift systems, and have avoided tar- 
gets that already have > 10 redshifts used in the identification. The 
latter selection is made in part to avoid massive clusters, and to en- 
sure our spectroscopy increases the total number of groups in the 
field with large, spectroscopically-confirmed membership. 

Our first observations, described in § 12.31 targeted six of these 
groups. Their properties are tabulated in TableQ] 



2.3 Gemini Observations 

2.3.1 Spectroscopic target selection 

A crucial part of our strategy is the use of photometric redshifts to 
select potential group members. We give highest priority to galax- 
ies that have 21.5 < r < 24.75, and a redshift within 2a zp hot 
of the estimated group redshift, where a zp hot is the 68 per cent 
confidence level on the photometric redshifj]]. Secondary prior- 
ity slits are allocated to galaxies with 15 < r < 24.75 and 
0.7 < 2phot < 1.5. 

We designed 3-4 GMOS masks on each target, using the 
GMMPS software. On each mask we are able to allocate 40-50 slits. 
Typically, well over half the slits on the first mask are allocated 
to our top priority objects. This fraction decreases on subsequent 
masks, as we use up these targets. In most cases, with three masks 
we are able to target at least 40 of these high priority galaxies. All 
masks for a given target use the same alignment stars and are at 
the same position angle; thus a small fraction of the CCD area is 
unusable regardless of the number of masks obtained. 



2.3.2 Observations 

We obtained 40 hours worth of observations on Gemini South, in 
the Band 1 queue during semester 10A. This returned science data 
of 2 hours on-source exposure, for 14 masks in 5 fields, covering 
six groups (two of the groups are located within the same GMOS 
field). All science observations were obtained in clear conditions 
with seeing 0.8 arcsec or better in i. The number of masks actually 
observed is given in TableQ] 

The spectroscopy was obtained in nod & shuffle mode 
dGlazebrook & Bland-Hawthorn| l200ll) . nodding the telescope by 
±0.725 arcsec from the centre of the slit, every 60s. This places the 
galaxy at the lower end of the 3 arcsec slit half the time, and at the 
upper end the other half of the time. We used microshuffiing mode, 
so charge was shuffled by 21 pixels (3.05 arcsec). Four exposures 



1 At our redshift of interest, the average uncertainty on z p hot increases 
from Gzphot ~ 0.007 for the brightest galaxies to cr zphoto ~ 0.04 for 
those at our limit of r = 24.75. Even for these faintest objects, 90 per cent 
of the galaxies have z p hot uncertainties of less than cr zphot < 0.07. 
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Group RA Dec Z med -/V m ask A/mem cr firms i^dyn 

deg(J2000) (km/s) Mpc (10 13 M Q ) 



40 


150.41991 


1.85265 


0.97225 


2 


16 


765 ±124 


0.32±0.03 


12.84±5.50 


130 


150.02586 


2.20367 


0.93828 


3 


26 


403± 48 


0.63±0.06 


7.12±2.40 


134 


149.65073 


2.20932 


0.94729 


3 


21 


384± 60 


0.92±0.07 


9.44±3.69 


150 


149.97472 


2.31654 


0.93428 


4 


20 


209± 31 


0.75±0.07 


2.29±0.90 


161 


149.95776 


2.34531 


0.94330 


4 


9 


372± 56 


0.45±0.07 


4.36±2.01 


213 


150.39697 


2.49136 


0.87990 


2 


7 


281±120 


0.70±0.07 


3.85±3.69 


213a 


150.42715 


2.49992 


0.92650 


2 


6 


44± 17 


0.49±0.10 





Table 1. Properties of the seven galaxy groups observed with GMOS in semester 10A. The position, median redshift z mc( j, velocity dispersion, and the 
number of group members are determined from our GMOS spectroscopy (combined with available zCOSMOS 10k data), as described in the text. The number 
of GMOS masks observed in each field is given by JV^j,; note that groups 150 and 161 lie within the same field, as do groups 213 and 213a (a serendipitous 
discovery in the background). firms is the rms projected distance of all group members from the centre. The dynamical mass is computed as described in the 
text, from cr and firms- We do not compute a mass for group 213a, since the velocity distribution is unresolved and the membership is poor. 



of 30 min each were taken, with small dithers in the spectral direc- 
tion for the purpose of removing bad pixels and interpolating over 
the chip gaps. 

Slits were 1 arcsec wide, and we use the R600 grism with 
OG515 order blocking filter. The detector was binned 2x2, re- 
sulting in a pixel scale of 0.146 arcsec/pix, and a dispersion of 
0.93A/pix. The resulting spectral resolution is limited by the slit 
width, ~ 6.4.A. 

Science observations were interspersed with GCAL flats. Cal- 
ibration exposures for each mask consisted of CuAr arc lamp ob- 
servations and twilight flats. In addition, we observed the standard 
star LTT6248 with a 1 arcsec, long slit, for flux calibration. 



2.3.3 Data reduction 

All data were reduced in IRAF, using the GEMINI packages with 
minor modifications. Slits were first identified from the GCAL flat 
exposures. A bad pixel mask was created using the routine GBPM, 
and a set of six long- and three short-exposure image flats. Pixels in 
the chip gaps, and outside the spectroscopic field of view, are also 
marked as bad pixels. 

A bias frame was subtracted from all science data. Sky sub- 
traction is done simply, using the GNSSKYSUB routine, by subtract- 
ing from each science frame a copy of itself, shifted by 21 binned 
pixels. This results in a positive-flux object spectrum in one half of 
the slit, and a negative-flux spectrum in the other half. 

To generate a noise vector we use the same technique, but add 
the shifted images. This gives pixels, at the location of the galaxy, 
that include object flux and twice the sky flux, which is equal to 
the expected Poisson variance. We add to this twice the readnoise 
squared, to obtain the final variance spectrum. 

Each sky-subtracted science image is then cleaned of cosmic 
rays, flat-fielded, and cut into individual slits. Corresponding arcs 
are extracted and wavelength calibrated; this calibration is then ap- 
plied to each science frame. The four exposures are added, after 
applying a shift to account for the spectral dither and ignoring bad 
pixels identified in the bad pixel mask, which has been propagated 
through the same reduction procedures as the science frame. The 
same is done for the "noise" frame described above. 

The negative-flux spectrum is then subtracted from its posi- 
tive counterpart, for each spectrum, using by default a 3.5 pixel 
wide aperture (this is tweaked in a few cases, where necessary). 
A wavelength-dependent sensitivity function is determined by ex- 
tracting the standard star spectrum, and comparing the flux to tab- 



ulated values. This is applied to the final ID and 2D object spectra, 
to give flux-calibrated spectra. 

Our final step is to correct for telluric absorption. This is of 
particular importance since the H&K absorption lines in galaxies at 
our target redshift z ~ 0.95 lie right on top of the A-band telluric 
line. We use our standard star observation to extract spectral regions 
around A-band (7500 < A/A< 7700) and B-band (6850 < A/A< 
6900). A smooth continuum is subtracted, and we use the IRAF 
task TELLURIC to apply the correction to each spectrum according 
to the airmass in the image header. 



2.3.4 Redshift Determination 

Redshifts were measured by adapting the ZSPEC software, 
kindly provided by R. Yan, used by the DEEP2 redshift survey 
jPavis et alj|2003l.[2007t) . This performs a cross-correlation on the 
ID extracted spectra, using linear combinations of template spectra. 
The corresponding variance vectors described in £j |2.3.3l are used to 
weight the cross-correlation. 

We use templates of absorption line and emission line galaxies 
only, and for each galaxy ZSPEC returns a short list of p ossible red- 
shifts, with associated \ 2 and R ( iTonrv & Davis! 19 79) values. Ev- 
ery spectrum is visually inspected, both in the ID and 2D format. 
Particularly valuable is inspecting the 2D image prior to combin- 
ing the positive- and negative-flux objects. Real emission lines are 
clearly identified by their dipole signature, and false peaks due to 
cosmic rays or other effects are easily removed. Generally, the ID 
spectra are boxcar smoothed to ~ 10A pixels for visual inspection. 

We adopt a simple, four-class method to quantify our redshift 
quality. Quality class 4 is assigned to galaxies with certain red- 
shifts. Generally this is reserved for galaxies with multiple, robust 
features. With our (unbinned) spectral resolution, we are able to just 
resolve the [Oil] doublet; in this case, a clear detection of the dou- 
blet alone would warrant a class 4 redshift. Quality class 3 are also 
very reliable redshifts, and we expect most of them to be correct. 
These include galaxies with a good match to Ca H&K for exam- 
ple, but no obvious corroborating feature. Similarly, single emis- 
sion lines where a doublet is not convincing are generally assumed 
to be [Oil] and given quality class 3. We would also use this in 
cases where H&K are detected in a region of telluric absorption, 
but there is at least one other likely match to an absorption feature. 
We take particular care not to assign class 3 or 4 to a galaxy for 
which H&K are the only identifiable features, and lie on a telluric 
absorption line. 

Class 2 objects correspond to "possible" redshifts. These in- 
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Figure 1. The colour-magnitude distribution for all galaxies with spec- 
troscopy (from either GEEC or zCOSMOS) that lie within our GMOS 
fields, and have 0.8 < z p hot < 1-5, within their la uncertainties. Red 
points represent GEEC targets with secure redshifts (quality 3 or 4), while 
blue points indicate secure zCOSMOS 10k redshifts (quality > 2). The 
remaining, black points, are therefore those with a spectrum and 0.8 < 
Zphot < 1-5, but without a secure redshift. 

elude some spectra that are reasonably likely to be correct (e.g. 
H&K on top of a telluric line and no other corroborating features); 
but also some that are little more than guesses. Class 1 is reserved 
for "junk", with no chance of obtaining a redshift. 

In this analysis we only consider galaxies with class 3 or 4 
quality redshifts. 

2.4 zCOSMOS Observations and final catalogue 

We also inc lude in our analy sis redshifts from the 10K release of 
zCOSMOS jLillv et al.120091) . We include all galaxies with redshift 
quality greater than 2.0, which have a high probability (> 90 per 
cent) of being correct (note the zCOSMOS quality flags are defined 
differently from our own). These provide a nice complement to our 
observations, by design, as they are restricted to the brighter galax- 
ies that are not given priority in our target selection. 

Figure Q] shows our final sample in colour-magnitude space. 
All optical colours and magnitudes are computed withi n a 3" diam- 
eter ap erture, on psf-matched images, as described in Cap ak et all 
(2007). The galaxies plotted here are all those with an available 
spectrum, lying within our GMOS fields, and with 0.8 < 2 p hot < 1 
within their la uncertainties. We choose the (V — z) colour as it 
brackets the 4000A break at z ~ 0.95, and the Iab magnitude for 
comparison with zCOSMOS. Red points represent GEEC targets 
with secure redshifts, while blue points indicate zCOSMOS 10k 
galaxies with secure redshifts. Distinct sequences of red and blue 
galaxies are apparent, and our redshift success rate is very high at 
all colours (see $i.l\ . Our GEEC spectra probe red galaxies up 
to 1.0 mag fainter than found i n the 10k survey {Iab < 22.5), 
0.65 mag fainter than DEEP2 dCooper et al1l2008l , r < 24.1) and 
~ 0. 25 mag fainter than EDisCS at this redshift ( Hallid av et al.l 
1 20041 Tvega < 23, or Jab £ 23.3). For blue galaxies we gain addi- 
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tional ~ 0.5 mag depth relative to the /—selected zCOSMOS and 
EDisCS surveys. 



3 ANALYSIS 

3.1 Spectroscopic and Redshift completeness 

We first consider the sampling completeness of our GMOS targets, 
defined as the fraction of potential targets for which we actually 
obtained a spectrum. Here, we define the complete sample to be all 
priority 1 galaxies (i.e. all 21.5 < r < 24.75 galaxies that have a 
photometric redshift within 2a of the estimated group redshift) that 
are within the GMOS field of view. Note that 100 per cent com- 
pleteness in this sense could never have been achieved, because 
some of the field of view is permanently inaccessible due to the ac- 
quisition stars and, in a few cases, guider arm. We characterize our 
sampling completeness in terms of the IRAC [3.6^im] magnitude, 
since this is more closely related to galaxy stellar mass than the 
r band magnitude on which our selection was based. We include 
galaxies from the zCOSMOS 10K spectroscopic catalogue here as 
well, which mostly includes galaxies brighter than Iab = 22.5. 
Although our target selection does not explicitly depend on galaxy 
colour, the reliance on photometric redshift uncertainty potentially 
introduces a colour-dependence. Thus we consider our sampling 
completeness as a function of both [3.6/im] magnitude and (V— z) 
colour. Specifically, we divide this colour-magnitude plane into 
several bins and calculate the completeness in each bin. For each 
colour bin we define a completeness function by fitting a line to 
the completeness as a function of [3.6/im] magnitude. We find that, 
regardless of how we do this, our completeness is remarkably uni- 
form; it ranges from ~ 0.6 to ~ 0.75 with little dependence on 
colour or magnitude. This may be partly because the sample is too 
small yet to define the selection function with high enough preci- 
sion, and we will revisit this when the survey is complete. 

Another potential source of incompleteness is failure to obtain 
redshifts for targeted galaxies. We characterise our redshift success 
rate as a function of Iab magnitude, since this corresponds most 
closely to the wavelength of features (like Ca H&K) commonly 
used for redshift identification at z ~ 0.9. This success rate, shown 
in Figure [2] is defined as the fraction of priority 1, targeted galax- 
ies for which we obtained a redshift with quality 3 or 4. We find 
a remarkably high success rate of > 80 per cent, for Iab < 24. 
This is a testament in part to the high-quality spectra obtained at 
Gemini, and in particular the success of the nod & shuffle tech- 
nique, which results in near-perfect sky subtraction in a spectral 
region dominated by sky emission lines. Moreover, we are helped 
by the exquisite photometric redshifts, which means our priority 1 
list contains little contamination from higher redshift galaxies for 
which redshifts are difficult to obtain. 

We show, as the blue points, the redshift success of the zCOS- 
MOS 10k sample, restricted to the regions covered by our GMOS 
observations. Here the success rate is defined as the fraction of se- 
cure (quality > 2) redshifts from all zCOSMOS targets within our 
GMOS fields of view. The success rate is also very high here, > 70 
per cent for Iab < 22.5, which is their nominal completeness 
limit. We have also checked for a colour dependence on these suc- 
cess rates, and find no significant trend, as is visually apparent on 
Figure Q] Thus, both zCOSMOS and GEEC are highly successful 
at obtaining secure redshifts even for red, absorption-only galax- 
ies. Many of these "failures" are in fact likely to be higher redshift 
galaxies, in which case they do not affect the success rate in our 
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Figure 2. Top: The histogram shows the number of priority 1 , GEEC spec- 
tra, as a function of Iab magnitude. Bottom: The redshift success rate of 
GEEC, defined as the fraction of priority 1 galaxies with good (quality 3 
or 4) redshifts, is shown as the black points. The blue points represent a 
similar quantity for the zCOSMOS 10k sample within our field; here it is 
the fraction of all galaxies in our GMOS fields with a zCOSMOS spectrum 
that have a redshift quality of > 2.0. The vertical, dotted line at Tab rep- 
resents the nominal, zCOSMOS completeness limit. With GEEC, we are 
highly complete for galaxies up to 1.5 mag fainter than this. 




0.5 1 

Spectroscopic Redshift 

Figure 3. Spectroscopic redshifts are compared with photometric redshifts 
and their uncertainties. All galaxies with a secure redshift are shown. Red 
points are those GEEC galaxies with priority 1 , which are those that have 
Zphot within 2<r of the group redshift; black points represent GEEC galax- 
ies with lower priority. Blue points are zCOSMOS 10k spectra within the 
same fields. Our spectra greatly increase the completeness and depth of the 
10k survey at the redshift of these groups. 



limited redshift range of interest. We therefore apply no further cor- 
rections for redshift incompleteness; the only weight comes from 
the sampling fraction. 

In Figure [3] we compare our spectroscopic redshifts with the 
corresponding photometric redshift and its uncertainty. Red points 
represent secure redshifts for priority 1 galaxies in GEEC. These 
all, by definition, have a z p hot within 2a zp h ot of the group redshift 
(0.88 < z < 0.97 for this sample). Effectively, this selects galaxies 
that either have z p hot close to the group redshift, or galaxies with 
poorly determined z p hot, which have large error bars. We see that 
not only do the spectroscopic and photometric redshifts agree very 
well, but that our preselection allows us to be efficient at targeting 
potential group members. The blue points represent secure redshifts 
in the zCOSMOS 10k sample. 

During mask design, we preferentially target galaxies with 
photometric redshifts within 2a of the mean group redshift. Since 
we account for the uncertainty in z p hot, we do not expect to be 
strongly biased against galaxies for which z p hot is poorly deter- 
mined due, for example, to a lack of strong features in the spec- 
trum. However, we are potentially biased against "catastrophic fail- 
ures". To address this, in Figure|4]we show the difference between 
the spectroscopic and photometric redshift for all confirmed group 
members (see Section [3~3t with secure spectroscopic redshifts and 
0.7 < 2: p h t < 1.5, as a function of their (V—z) colour. Red points 
identify "priority 2" galaxies, which are those lower priority targets 
with Zphot more than 2a away from the group redshift. These make 
up only ~ 6 per cent of the sample, with no measureable colour de- 
pendence. There is also no strong dependence on the quality of the 
spectroscopic redshift; the fraction of priority 2 galaxies that are 
actually group members is similar amongst quality 3 and quality 4 




Figure 4. For confirmed group members with 0.7 < z p hot < 1.5 we 
show the difference between spectroscopic and photometric redshifts, as a 
function of (V — z) colour. Asymmetric errorbars are 68 per cent confi- 
dence intervals on z p hot ■ Filled symbols are quality class 4, which means 
the spectroscopic redshift is certain, while open symbols are class 3 and thus 
generally reliable (and used throughout this analysis). The red points iden- 
tify those few group galaxies that were allocated lower priority during mask 
design because their z p hot is more than 2<r away from the mean group red- 
shift. These make up only ~ 6 per cent of the total group population, with 
no obvious colour dependence. 
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Figure 5. The stell ar masses, comput ed for a IChabriedjiool) mass function 
and based on Bruzual & Chariot ( 200^) models, are shown as a function of 
r magnitude for a random subset of the photometric field sample (small 
points) and our spectroscopic sample (large, filled points), for 0.8 < z < 
1.0. The reddest galaxies, (V-z) 9 > 2.7, are shown as red points, while 
the bluest galaxies (V— z) ' 9 < 1.5 are shown in blue (the remaining black 
points are those of intermediate colour). Our selection limit of r < 24.75 
imposes a colour-dependent mass limit, of M star < 10 101 M Q for red 
galaxies, and M sta r < 1O 8 - 8 M for the bluest. 



redshifts. We conclude therefore that our z p hot preselection does 
not introduce a large bias, though we will be able to test this more 
robustly at the end of the survey. 

At this early stage of our survey, we have few duplicate obser- 
vations with which to check our spectroscopic redshifts and deter- 
mine a robust uncertainty. We do have eight good quality redshifts 
for galaxies that have an existing, good quality zCOSMOS redshift. 
From these, there appears to be a small bias in the sense that our 
redshifts are smaller by 7.72 x 10~ , corresponding to a rest-frame 
velocity shift of ~ 120 km/s at the redshift of interest. Although 
this should be treated as a preliminary offset, we correct our red- 
shifts for it here. We use the same eight galaxies to estimate our 
redshift uncertainty and find a z ~ 4.1 x 10 -4 , corresponding to a 
rest-frame velocity uncertainty of ~ 65km/s at z — 0.9. 



3.2 Stellar mass measurements and k-corrections 

We fit the spectral energy distribution for each galaxy, us- 
ing all avai lable photometry, following the method described in 
iMcGee et alJbOlOl) . Briefly, this is done by com paring with a very 
large grid of template Bruzual & Charlotl J2003h mode ls, covering 
a wide range of parameters, assuming a Chabrier ( 2003) mass func- 
tion. The procedure is based on that of ISalim et al.l J2007I) . and as- 
sumes the star formation history of a galaxy can be represented by 
an exponential model with superposed bursts. 

Stellar mass estimates are quite robust to the details of the 
fits, in part because of the availability of Spitzer IRAC data. The 
main assumptions that could lead to systematic err ors are the ini- 
tial mass function (IMF), the dust model (we use Charlo r&Fail 
2000), and the choice of galaxy evolution model. Of particular con- 



cern could be the omission of thermally-pulsing A GB stars, which 
becom e increasingly important at higher redshifts iMaraston et al.l 
2006). This will be more relevant when considering comparison 
with z — observations, which we defer to after completion of 
the survey. For our purposes here, we are interested in comparing 
group galaxies with their field counterparts. Systematic effects like 
this on the mass estimates are not likely to be very different for the 
two populations. Thus we expect our conclusions to be robust to 
this and similar assumptions about IMF and dust geometry. 

We k-correct all colours to z — 0.9, the redshift of in- 
terest for our survey, u sing the KCORRECT IDL software of 
iBlanton & Roweisl d2007h . We denote these colours as, for exam- 
ple, (V-z) 09 . 

In Figure [5] we show our derived stellar masses as a function 
of r magnitude (our selection band), for both the photometric field 
sample (small points) and our spectroscopic sample, within 0.8 < 
2 < 1.0. The points are separated into the bluest galaxies, (V — 
z) - 9 < 1.5, and the reddest galaxies, (V - z) ' 9 > 2.7. Our 
selection limit of r < 24.75 implies we are 100 per cent complete 
above a mass limit of M ata r ^ 1O 1O ' 5 M0; however, we are mostly 
complete for Mstar ^ 10 101 Mq, missing only some of the reddest 
galaxies. We will therefore treat this as our nominal completeness 
limit throughout the paper. Note that the blue galaxies are complete 
for M s t a r ^ 1O 9 ' 6 M0, and we probe masses as low as M sta r ^ 
1O 8 ' 8 M . 



3.3 Group masses and membership 

For each group, we inspect the spatial and redshift distribution of 
the galaxies. Full results will be presented for all groups, after com- 
pletion of the survey. 

We start by considering all galaxies within r = 1 Mpc of the 
nominal X-ray group centre from Finoguenov et al. (in prep). The 
velocity disp ersion of these galaxies is determined using the gap- 
per estimate teeers et aljl990l) . We also compute the (unweighted) 
mean spatial position of the galaxies, and the rms projected sepa- 
ration from this centre, which we call R imB . We then iterate this 
process, typically clipping galaxies with velocities > 1.5cr from 
the median redshift, and positions r > 2_R rms from the recomputed 
centrfl This converges after a few iterations, and we adopt the final 
a and R rms - Group members are then defined as those within 3<r of 
the median redshift, and within 2R lms of the centre. Uncertainties 
on a and -Rrms are then computed using a jackknife method, iterat- 
ing only over this list of group members. Thus, these uncertainties 
do not include systematic uncertainties due to the clip ping process, 
which are likely to be at least ~ 15 per cent (e.g. Iwilman et all 
l2005al) . 

We show how our sample compares with other, related sur- 
veys, in Figure|6] Points show the velocity dispersion of each group, 
as a function of redshift, for our present survey (filled circles), 
our previous GEEC sample at 0.3 < z < 0.6 (open triangles ), 
and the EDisCS clust er and group sample lHallidav et al.l (2004); 
Poggi anti et alj (|2006, open circles). The median redshifts, veloc- 
ity dispersions, and number of members in each of our groups is 
given in Table [Tj 



2 The clipping parameters were tweaked for group 161, which is very 
close to group 150 in redshift and position. For this group we exclude 
galaxies with velocities > 1.4<r from the median redshift, and positions 
r > 1.6-Rrms from the recomputed centre. The properties (dynamical and 
stellar mass) of this particular group are quite sensitive to this choice. 
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Figure 6. The velocity dispersion, as a function of redshift, for three sam- 
ples of groups and clusters with high spectroscopic completeness. The 
present group sample is shown as filled circles, while our lower-redshift 
GEEC sample is shown with open triangle s. The open c ircles represent the 
groups and clusters of the EDisCS survey jHallidav et aT]|2004 . 
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Figure 7. Left: The correlation between M^ yn an d X-ray luminosity, Lx , 
is shown for the six targeted groups in our sample (i.e. excluding 213a, 
which is not detected in X-rays). Right: Here we show the same data, but as 
a function of Af200,x as determined directly from Lx as suming a scaling 
relation and calibrated from stacked weak lensing analysis I Leautha ud et alj 
l20ld) . 



We estimate a dynamical mass, from the velocity dispersion a 
and the radius J? rms , 

3 2 

A/dyn = -p^RimsCy . (1) 
Gr 

The uncertainty is determined by propagating the jackknife uncer- 
tainties on a and i? rm s. The factor 3 in this equation is based on 
the assumption of isotropic orbits and an isother mal potential, but 
is onl y weakly dependent on those assumptions ( Lok as & Mamonl 
l200lh . 

Groups 150 and 161 are located within the same GMOS field. 
It is clear that group 161 is dynamically and spatially separated 
from group 150, but they are very close, separated by less than 

1 Mpc and 1000 km/s (rest frame). Thus they may be part of the 
same, interacting system. The assignment of members to one group 
or the other is not entirely obvious, and our clipping algorithm was 
tuned to achieve a reasonable-looking separation. 

Finally, the membership of group 213 is quite poor, and our 
completeness in this field is worse than elsewhere. We did, how- 
ever, detect a serendipitous group (named 213a) at higher redshift, 

2 = 0.9254. This group has six members, and a nominal velocity 
dispersion of only 44 ± 17 km/s, rest frame — smaller than would 
be expected from redshift uncertainties alone, and likely dominated 
by systematic uncertainty. The group's position is significantly off- 
set from the X-ray detection, which is likely still correctly iden- 
tified with the lower redshift system. We include both groups in 
our analysis; however, we do not attempt to determine a dynamical 
mass of group 213a since the velocity dispersion is clearly unre- 
solved. 

Our observations confirm that these are all low-mass systems, 
as expected from their X-ray fluxes. The dynamical masses of the 
targeted groups range from 2.3 ± 0.9 x 10 13 M Q to 1.3 ± 0.5 x 
1O 14 M . 



4 RESULTS 

4.1 Dynamics and stellar fractions 

With at least ~ 15 spectroscopic members for most groups, we 
are able to make reasonable estimates of the dynamical mass, as 
described in § 13.31 In Figure [7] we compare these masses with the 
X-ray luminosity (left panel) and with the virial mass M^ao.x es- 
timated from this luminosity (right panel). A/200, x is estimated as- 
suming a scalin g relation and calibrate d based on a stacked weak 
lensing analysis dLeauthaud et alj|2010h . 

The dynamical mass uncertainties are generally large, but the 
masses agree remarkably well with those estimated from the X- 
ray emission. The one outlier, which has a relatively low dynamical 
mass for its X-ray emission, is group 150; this group is close to and 
likely associated with 161. Its position on this plot is quite sensitive 
to the precise membership assigned; that is, the systematic uncer- 
tainty due to the choice of clipping parameters are likely dominant 
over the statistical uncertainties. 

Total stellar masses can often be determined with much 
greater precision, with the dominant statistical noise term coming 
from the uncertainty in the radius i? rms within which the stellar 
mass is summed. The total stellar mass is computed over all galax- 
ies in the sample; since we are incomplete for red galaxies with 
M < 10 101 Mq, this is actually a lower limit. For the blue galax- 
ies, about 75 per cent of the stellar mass is at M > 10 101 Mq. 
Assuming this to be true for the red population as well, we estimate 
that our stellar masses underestimate the true total by less than 10 
per cent. The statistical uncertainty is calculated from the jackknife 
uncertainties in J? rms and a. In several cases, the group members 
with r < ii rm s and |Az| < 3a do not change within the uncer- 
tainties on these quantities, which leads to a stellar mass estimate 
with, formally, zero uncertainty. We therefore impose an arbitrary, 
minimum uncertainty of 10 per cent on total stellar masses. 
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Figure 9. Left: The colours (k-corrected to z = 0.9) and stellar masses of galaxies are shown for two samples. The small, black points are galaxies from the 
full COSMOS photometric catalogue, with r < 24.75 and 0.8 < 2 p hot < 10. We only show a random 10% of the points, for legibility. This represents 
the parent distribution from which our spectroscopic surveys (over a much smaller field) are drawn. The large, filled points represent galaxies with secure, 
spectroscopic redshifts at 0.8 < z < 1, that lie within our GMOS fields but are not assigned to a group in our survey. We refer to these as "non-Xgroup" 
environment galaxies, to distinguish them from the general field (represented by the small points) which contains galaxies in all environments. The points 
circled in red indicate galaxies with 24/im detections. Note the absence of low-mass, red-sequence galaxies in the non-Xgroup galaxies, and the dominance of 
the blue sequence for M s t ar < 1O 1O 6 M0. For illustration purposes only, the large red and blue ellipses approximately identify the "red sequence" and "blue 
cloud" populations. The solid line indicates our approximate completeness limit imposed by the r > 24.75 selection. Right: The same, but now the filled 
points correspond to group members. Here, the faint end of the red sequence, visible in the parent photometric redshift catalogue, is filled in with confirmed 
group members. Moreover, there appears to be a prominent third population, that lies between the blue and red sequences at (V — z) 0,9 ~ 2. 



In Figure [8] we show the relationship between dynamical and 
stellar mass, for all six targeted groups. We exclude the serendipi- 
tous group 213a, since the velocity dispersion is unresolved; with 
only six members we cannot determine a reliable dynamical mass. 
For the remainder, the stellar fractions range from ~ 0.25 per cent 
to ~ 3 per cent, similar to what is obs erved both locally (e.g. 
iBalogh et alj20ld) and at higher redshift jGiodini et al.l2009l) . The 
group with the highest stellar fraction is group 150 which, as men- 
tioned previously, has a larger systematic uncertainty on its dynam- 
ical mass due to its close proximity to 161. The membership of 
group 161 itself is very sensitive to the choice of ii rms , and the un- 
certainty in this quantity leads to a large uncertainty in stellar mass. 
Thus, although there are hints of real diversity in the stellar fraction 
amongst our groups, the sample is too small at this time to draw any 
strong conclusions. 



4.2 Galaxy populations 

Our main result from these first data is shown in Figure [9] as the 
correlation between (V — z) ' 9 colour and stellar mass for the group 
and non-Xgroup samples. The small, black points represent galax- 
ies in the entire COSMOS photometric redshift catalogue, within 
0.8 < Zphot < 1.0 and restricted tor < 24.75, the GEEC selec- 
tion limit. In the right panel, the large points correspond to spec- 
troscopically confirmed group members, as defined in § 13.31 On 
the other hand, large points in the left panel represent all galaxies 
with secure redshifts 0.8 < z spC c < 1 that are unassociated with a 
group in our catalogue. We will refer to this spectroscopic sample 
as "non-Xgroup" galaxies, since they are confirmed non-members 




10" 5x10" 

M slar /M 

Figure 8. We show the measured dynamical mass as a function of total stel- 
lar mass, for each of our groups except the serendipitous group 213a. The 
stellar mass is the sum of all spectroscopically confirmed group members 
within a radius ii rms . The dotted line indicates a constant stellar fraction of 
1 per cent; the solid lines on either side represent fractions of 0.25 per cent 
and 3 per cent, as indicated. 
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Figure 10. Left: The distribution of [V — z) 9 colours are shown, for all galaxies with M s tar > 10 10 ' 1 Mq. The solid, black line represents the distribution 
of our spectroscopic, non-group galaxy sample, which we suggest represents the "non-Xgroup" environment. It shows the well-known bimodal distribution, 
consisting of red and blue galaxy populations. The red, dashed histogram represents our spectroscopic group sample; there are few blue galaxies and, instead 
the population is dominated by red-sequence galaxies, and an apparently distinct population of intermediate-colour ("green") galaxies. Finally, the thin, dotted 
black histogram is the distribution of all galaxies in COSMOS, with 0.8 < z p hot < 1-0, r < 24.75 and Af s tar > 10 101 Mq; this has been renormalized to 
match the area of the red histogram. This represents the global, "field" population of galaxies. Right: The same, but where the group sample is now weighted 
for sampling incompleteness, and the COSMOS comparison sample is appropriately rescaled. 



of our X-ray group sample. We cannot exclude the possibility that 
this sample still contains galaxies that are members of other groups, 
not identified in X-ray emission. The solid line in Figure[9]indicates 
our colour-dependent completeness limit, as a consequence of the 
r > 24.75 mag selection. This is computed by simply looking at 
the average stellar mass of galaxies near the magnitude limit, as a 
function of colour. 

We first note the usual structure in this colour-magnitude dia- 
gram, with a "red sequence" and "blue cloud" population. We show 
the approximate locations of these populations with red and blue 
ellipses, respectively. The red sequence in the groups is well popu- 
lated at all masses above our completeness limit, M > 1O 1O1 M0. 
In fact, there is some indication that the lowest-mass (M < 
1O 1O ' 5 M0), red galaxies appear only in groups, as they are absent 
in the "non-Xgroup" sample. However the sample is too small to 
be definitive about this, and we will defer a full analysis of the lu- 
minosity function shapes to the end of the survey. 

The second interesing observation from Figure [9] is that the 
blue sequence appears to be very underpopulated amongst group 
galaxies, compared with the field, for M > 10 10,2 Mo. The blue 
galaxies that do exist here tend to lie at the red edge of the cloud; 
moreover, the "green valley" between the two sequences is well- 
populated, a point we will return to below. 

We have matched our redshift catalogue with the deep 
Spitz er MIPS catalogue, w hich has a 5<r detection li mit of 0.071 
mjy JSanders et ail 2007t) . Using the calibration of Rie ke et all 
(2009), this limit corresponds to a star formation rate of SFR~ 
ll.SMQyr" 1 at z ~ 1. These 24/im detections are circled in red 
in Figure[9] The non-Xgroup sample has a large population of mas- 
sive, blue galaxies with 24/im detections, indicating substantial star 
formation rates. In the groups, the massive 24/im detections tend 



to be considerably redder, populating the red envelope of the blue 
cloud, and the green valley itself. 

The population of galaxies between the red and blue galax- 
ies is of particular interest, as it may represent a transient phase. 
To explore this further, we show the distribution of colours, for 
all galaxies with Mstar > W 10,1 Mq, in Figure [Tol The black, 
solid histogram represents the distribution for our "non-Xgroup" 
spectroscopic sample; while the sample size is small, it shows 
the well-known bimodal distribution of colours, with a minimum 
around (V — z) 0,9 ~ 2.3. This is statistically consistent with 
the colour distribution of the full COSMOS "field" sample (for 
0.8 < Zpi lot < 1.0) in the same stellar mass range, shown as the 
thin, dotted line. The red, dotted histogram represents our spectro- 
scopic group sample. The left panel shows these data unweighted 
for completeness, while the right panel includes the completeness 
corrections. In both cases, the groups show a marked deficit of 
blue galaxies, while the intermediate-colour population is at least 
as abundant as in the general field. 

Remarkably, the distribution suggests that this intermediate 
population may be distinct from both the red peak and blue cloud. 
Unfortunately the sample is not yet quite large enough to unam- 
biguously identify these "green" galaxies with the group environ- 
ment; a KS test on the unweighted distributions in Figure [9] con- 
firms that the group distribution has a ~ 1 per cent probability of 
being drawn from the same distribution as the parent, field popula- 
tion; oia~ 2.5 per cent chance of being drawn from the spectro- 
scopic, "non-Xgroup" sample. It is also interesting that the "green" 
population (with 1.9 < (V — z) 0,9 < 2.4) makes up a similar frac- 
tion of the total in the general field (~ 25 per cent) as in the groups 

3 A KS test shows there is a 38 per cent probability that the two distribu- 
tions are drawn from the same parent population. 
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Figure 11. Colour-colour plots, aimed at separating dust-reddened spiral galaxies from the truly passive population (e.g. Balog h et alj2009l) . The small, black 
points represent a random third of the COSMOS sample (limited to r < 24.75), while the large points are our spectroscopically confirmed galaxies. Confirmed 
group members are shown in the right panel, while non-group members (the "non-Xgroup" spectroscopic sample) are shown on the left. In both cases, only 
galaxies with 10 10 1 < Af st ar/M < 10 10 ' 5 are shown. Points encircled in red represent those group members that are found in the deep MIPS source 
catalogue. With the exception of the single point near the top of the figure, none of the group galaxies in the apparently distinct population of "green" galaxies 
(between the dashed lines) have the red (J — [3.6] ) 0,9 colours expected of dusty, star-forming galaxies. The histograms on either axis just represent the 
arbitrarily normalized distribution of each colour; the intermediate population is only apparent in colours that bracket the 4000A break. 



(~ 30 per cent). The main difference between the two distributions 
is that, in the groups, the bluer peak contains only ~ 10 per cent of 
the galaxies, while the fraction is ~ 35 per cent in the field. 

Whether or not it is unique to galaxy groups, the existence of 
this population of galaxies with intermediate colours is likely ro- 
bust. Galaxies of this colour are found in all seven of our groups, 
and we have checked that the distribution in Figure[l0]is not greatly 
affected by the k-corrections, redshift quality cut or group mem- 
bership determination parameters. In Figure QT] we show colour- 
colour diagrams of our spectroscopic samples, again compared 
with the field sample from COSMOS. We show both the "non- 
Xgroup" spectroscopic sample, and the confirmed group mem- 
bers, in separate panels, and we restrict the plots to galaxies with 
10 10 1 < M at ar/M Q < 10 10 ' 5 to focus on the lowest-mass 
galaxies for which our sample is complete. The second colour 
here, (J — [3.6]) 0,9 , is chosen to sample approximately rest-frame 
(R — H),a colour that sh ould be sensitive to dust (e.g. lWolf et al.1 
2005; Bal ogh etalj [2009). Indeed, in the parent sample we can 
clearly see the star-forming (blue) sequence extends to red colours 
in (V — z) ' 9 ; but they remain distinct from the passive population 
by virtue of their very red (J — [3.6]) 0,9 colours. 

Interestingly, most of the "green" galaxies have relatively blue 
(J — [3.6]) ' 9 colours, suggesting that they are not exceptionally 
dusty. The only exception in the group population is the single 
galaxy near the top of the figure, which is in fact an edge-on spi- 
ral galaxy (see Fig Q~3] and later discussion). Interestingly, the dis- 
tinct population of "intermediate" galaxies is not apparent in the 
(J — [3.6] ) 0,9 distribution alone. We have checked using other fil- 
ter combinations, and confirm that it is only apparent in colours that 
bracket the 4000A break. 

The matches to the deep MIPS catalogue are shown as red 
circles in Figure Qj] Few of our group galaxies are detected; in 



particular of the nine "green" galaxies in the mass range shown 
here, only one is detected at 24/^m. This is the edge-on, dusty spiral 
with very red (J— [3.6]) colour noted previousl y. It has a 24/xm flu x 
of ~ 0.24 mjy which, using the calibration of iRieke et al.1 12009). 
corresponds to a SFR~ 78M0yr _1 . 

With the full sample in hand, we will be able to combine spec- 
tra for galaxies with similar stellar masses and colours, to do a care- 
ful line strength analysis. For now, we have qualitatively checked 
the individual spectra of the confirmed group members which lie 
in this intermediate-colour region. About half of the galaxies show 
[Oil] emission, although it is weak in all cases. Surprisingly, many 
of the galaxies have prominent H<5 absorption lines, and higher- 
order Balmer lines are also often apparent. This is intriguing and 
suggests these galaxies ma y be associated with the recent cessatio n 
of star formatio n (see also De Lucia et al. 2009:; lYan et all 2009). 
In particular, IPoggianti et al.1 J2009h find that galaxies with strong 
H<5 absorption may be especially numerous in those groups in the 
EDisCS sample that have a low fraction of star-forming galaxies. 
We show six of the better-quality spectra, in Figure[l2] The spectra 
have been deredshifted, and boxcar-smoothed over 1 1 pixels, cor- 
responding to a rest-frame dispersion of 5.2A per smoothed pixel. 
The bottom two spectra have strong absorption lines, including US, 
and no significant [Oil] emission. The next two show both emis- 
sion and strong absorption lines, while the top two show an or- 
dinary emission-line and absorption line galaxy. We will defer a 
quantitative analysis of these line indices to completion of the sam- 
ple, where we can increase the signal-t o-noise ratio by com bining 
spectra for different classes of galaxies (Dressier e t alj|2004r) . 

Finally, we consider the morphologies of the spectroscopic 
group members, using the HST image cutouts shown in Figure [T3l 
We just consider galaxies with 10.1 < log M stS r/Mg < 10.5 and 
secure redshifts, and divide them into blue (1.2 < (V — jz) 0,9 < 
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Figure 13. The HST F814W images of spectroscopically confirmed group galaxies in our sample, with 10.1 < log M s tar /Mq < 10.5. The left, middle and 
right panels show blue, green and red galaxies respectively, as defined in the text. All images are 6.0 arcsec on each side (47 kpc at z = 0.9), and the scales and 
colourbars are matched, with a square-root scaling applied. Colours are measured within a 3" diameter aperture, indicated by the green circles. In each panel, 
galaxies are sorted by colour; galaxies get progressively redder moving left-to-right, top-to-bottom. The green galaxy population appears morphologically 
distinct from both the blue and red population. Most of them possess disks, though they are smaller and less structured than those of the blue population. The 
exception is the edge-on disky galaxy (top row, middle column), that is the MlPS-detected galaxy lying on the dusty star-forming sequence of Figure llll 
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Figure 12. Selected spectra of "green", spectroscopically confirmed group 
members. The spectra have been deredshifted, and smoothed. Vertical lines 
show the rest-frame wavelengths of common absorption lines (the Balmer 
series and Ca H&K), and of [Oil] emission (3727 A, in red). The four galax- 
ies on the bottom have prominent high-order Balmer absorption lines, pos- 
sibly indicative of recently truncated star formation. 



1.9), green (1.9 < (V- 



< 2.5) and red (2.7 < (V - z) os < 



3.2) galaxies. We defer a detailed discussion, including surface- 
brightness profile fitting, to later papers based on the full sam- 
ple. The images here are interesting even qualitatively, as the three 
populations appear to be morphologically distinct. The small blue 
population is fairly heterogeneous but includes three galaxies with 
large, structured disks, while the red galaxies are mostly simple 
elliptical galaxies with little disk component. The green galaxies 
are intermediate — in general, they are small, centrally concen- 



trated, smooth and regular in appearance. Most appear to have 
disks, though none are as large or as structured as those found in the 
blue population. This tendency for intermediate-colour galaxies to 
have intermediate morpholo gies is also seen in th e EDisCS sample 
at somewhat lower redshift Poggianti et al. (2008). The exception 



is an edge-on disky system, which is the MlPS-detected source, 
lying on the dusty-end of the blue-galaxy sequence in Figure QT] 
Excluding this galaxy, only one of the eight shows obvious signs of 
interaction with neighbours. 

Thus, although this preliminary sample is small, there is evi- 
dence for a distinct galaxy population, with properties intermediate 
between the blue cloud and red sequence. It is prominent in our 
sample of groups and is in fact dominant over the blue cloud in the 
mass range 10.1 < logM at ar/Mo < 10.5. 



5 DISCUSSION AND CONCLUSIONS 

We have presented first results from our ongoing Gemini spectro- 
scopic survey of galaxy groups at z ~ 1. Using GMOS in nod 

6 shuffle mode, with two hour exposures, we are able to obtain 
secure redshifts for galaxies up to 1.5 mag fainter than zCOS- 
MOS, and thus obtain Z 10 members per group with stellar masses 
-Mstar > 1O 9 M0. Our final sample will consist of ~ 20 groups. 
Here we present the survey strategy, and first results on a sample of 
seven groups. 

Our main discovery is that the groups host a population of 
"green" galaxies with colours and morphology that are intermedi- 
ate between the usual blue cloud and red sequence. While a small 
fraction of these are dusty, edge-on spiral galaxies, most appear to 
be a truly intermediate population. Interestingly, most of the group 
population (~ 90 per cent) is made up of these green- and red- 
sequence galaxies; compared with the general field the groups are 
largely devoid of massive, blue galaxies. 

The simplest explanation for the presence of these green 
galaxies is that they are transients. Broadly speaking there are two 
likely scenarios that might give rise to such a population. In the first 
hypothesis, they represent a normal phase of evolution in most, if 
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not all, galaxies. If galaxies form stars episodically, due to varia- 
tions in cooling, accretion, and feedback processes, we might ex- 
pect them to cycle between the blue and green (or red) population. 
In this case, the main characteristic of the group population is the 
lack of blue galaxies, which would suggest that it is the rejuvena- 
tion of star formation that has been halted. This is consistent with 
"strangulation" models, in which the normal star formation in disks 
of satellite galaxie s is undisturbed, but the supply of fresh gas has 
been removed (e.g. lLarson et ali i 980; Balo gh et alj2000h . 

Recently there have been indications that AG N inhabit the 
"green valley" of the galaxy colour distribution (e.g. iMartin et al.l 
120071 ; iGeorgakakis et al]|2O08t ICardamone et all 1 20 id) , although 
this is somewhat controversial ( IXue et alj 2010). This is tempt- 
ing evidence that the onset of AGN feedback leads t o the cessa- 
tion of star formation, a s predicted by models (e.g. ICroton et al.l 
2006; Bo wer et al.1 12006). and in support of our first hypothesis. 
Only one of our green, group members is detected as an X-ray 
point source; it is one of the more massive such galaxies, with 
M star = 10 10 - 66 M Q . Several of the more massive, green galaxies, 
with Af s tar > 10 10 ' 6 Mq, are detected at 24/xm, and t hus may be 
candidates for obscured AGN (Georgakakis et al. 2008). However, 
few of the lower mass candidates are detected in the deep MIPS 
observations, and it is possible that they have a different origin. 

The second hypothesis is that the dense environment of groups 
directly induces a decline in star formation rate (possibly pre- 
ceded by a burst of star formation), that causes galaxies to mi- 
grate from the blue cloud to the red sequence. Recently, several 
studies of groups and clusters at this redshift have uncovered ev- 
idence of a galaxy population with specific star formation rates 
significantly different from surrounding field galaxies of the same 
stellar mass. I n some cases this is seen as a reduced star forma- 
tion rate (e.g. IVulcani et al.l l2O10h . while in ot her cases there is 
an apparent enhancement of star forma t ion (e.g. Elbaz et al]|2007l; 
Muzzin et ai]|2008l; ICooper et alj|2008l ; lldeue et alJl2009t lli etall 
2010l ; lKocevski et al.l2 010). Which effect dom inates appears to de - 
pend both on stellar mass and local density dSobraletal.ll2010l) . 
but in any case this provides support for our second hypothesis. 
In this case, we would expect at least a subset of the green pop- 
ulation to exist only in such environments and to have a spectral 
signature that is distinct from galaxies undergoing a "normal" cy- 
cle of star formation. Unfortunately, the present sample is not large 
enough to conclusively rule out the possibility that the intermediate 
"green" galaxies found in the GEEC groups are equally abundant in 
other, lower-density (or higher-density) environments. This should 
be possible with the final sample which, importantly, will include a 
larger sample of non-group galaxies with similar selection proper- 
ties. 

Assuming that the population of green galaxies represents a 
one-way transition between the blue and red populations, we can 
use their abundance in groups to estimate the timescale associ- 
ated with with this transition. We have therefor e calculated some 
simple population synthesis models , using the iBruzual & Charlotl 
d2003l) code, with a Chabrier (2003) initial mass function and sub- 
solar metallicity ([Fe/H]=— 0.33). We assume a simple extinction 
model, with r v = 1, with 30 per cent of the extinction arising 
from the ambient interstellar medium. Assuming galaxies form at 
z = 5, the maximum age for a galaxy at z = 0.9 is about 5 Gyr. 
For our default models, we assume that the star formation rate is 
constant for the first 3 Gyr, after which it begins to decline expo- 
nentially with a timescale r. In Figure [T4l we show the predicted 
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Figure 14. We show pred ictions of (V — z) 0,9 colours, from a series of 
Bruzual & Chariot 12003) stellar population synthesis models, assuming a 
IChabrieJ 120031) IMF and [Fe/H]=~0.33. The black, solid lines represent 
models which have a constant star formation rate for 3 Gyr, then expo- 
nentially decline for another 2 Gyr, with an exponential timescale r. The 
choices of r/Gyr are, increasing from the top curve downward, 0.1, 0.33, 
0.5, 1, 2 and 3. The red, dashed lines are similar models, but where only 
the first 1 Gyr are spent with constant SFR, and the exponential decline oc- 
curs for the remaining 4Gyr. In both cases, the time t = is defined to 
be the time at which the exponential decline begins. The shaded region in- 
dicates the observed colour range of "green" galaxies, that lie between the 
red sequence and blue cloud. Most of the models pass through the "green", 
shaded region, and in both cases models with r ~ lGyr spend a consider- 
able fraction of their lifetime at this colour. 



of the red and blue peaks we have applied a +0.2 mag offset to the 
predicted colours. Specifically, after 3 Gyr of constant star forma- 
tion all models begin with colours close to the peak of the observed 
blue galaxy distribution. Galaxies with swift declines (r < 1 Gyr) 



reach (V — z) 



3.1, the observed red peak. 



(V- 



colour as a function of time after this decline begins, for 



r/Gyr = 0.1, 0.5, 1, 2 and 3. In order to better match the colours 



We now turn our attention to the models which are able to 
reproduce the observed colours of the "green" population, 1.9 < 
(V — z) os < 2.4, indicated by the shaded region. Models with r > 
1 Gyr are effectively ruled out, as the galaxy never gets red enough 
to reach the green valley in the time allowed since z — 5. On the 
other hand, models with r < 0.5 redden rapidly and spend little 
time in the green valley. To better quantify this, in Figure [T5l we 
show the fraction of its 5 Gyr lifetime that these models spend in the 
green region, as a function of r. All models start in the blue cloud, 
with 3 Gyr of constant star formation, which means the maximum 
possible fraction of time as a green galaxy is 0.40. Interestingly, 
this picks out a particular timescale, of 0.6 < r/Gyr < 1.3; such 
models spend a significant fraction of time at this colour. In fact, 
this fraction compares reasonably well with the ~ 30 per cent of 
galaxies observed at this colour. 

Longer timescales can be accommodated if the truncation 
starts earlier. The red, dashed lines in Figure[l4]show the results for 
models in which galaxies form stars at a constant rate for only lGyr, 
before beginning their exponential decline. These galaxies start off 
much bluer, at (V ~ z) ' 9 ~ 1.3; otherwise their behaviour is qual- 
itatively similar to those shown in Figure [14] The main difference 
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Figure 15. We show predictions from similar models as shown in Figure fMl 
with black points representing those that begin their decline after 3 Gyr of 
constant SFR, and red points those that decline after only 1 Gyr. In both 
cases, the total lifetime is 5 Gyr, as expected for a galaxy at z = 0.9 that 
formed at z = 5. Each point shows the fraction of its lifetime (5 Gyr) that 
each model galaxy spends with "green' ' colours, 1.9 <(V - z) - 9 < 2.4, 
as a function of r. For 0.6 < r/Gyr < 2, these models spend more than 20 
per cent of their lifetime as "green" galaxies, and thus represent a plausible 
interpretation of our data. 



is they have up to 80 per cent of their lifetime available follow- 
ing the truncation. The red points in Fi sure IT31 show the fraction of 
time these galaxies spend in the green region; in this case, longer 
timescales of ~ 2 Gyr are preferred, and galaxies can spend up to 
35 per cent of their life at this colour. 

These are simplified, parametrized models. However, the re- 
sults are encouraging as they demonstrate it is plausible for a sig- 
nificant fraction of galaxies to be observed in this special stage of 
evolution. If they really are migrating from the blue to the red se- 
quence, it is unlikely that they are doing so with star formation 
rates declining much more rapidly than r ~ 0.6 Gyr. Together 
with the undisturbed morphologies, this makes it unlikely that the 
transformation is being driven by mergers or rapid gas-depletion 
processes . Accelerated gas loss through a process like strangula- 
tion fe.g. lBaloghetall hoOO; Mc Carthy et atll2008h predicts a star 
formation rate decline on a timescale consistent with our obser- 
vational constraints. This may be evidence that low-mass satellite 
galaxies have a fundamentally different evolution in groups, com- 
pared with their more massive counterparts, for which there is some 
evidence for merger- induced enhancements in star formation (e.g. 
iKocevski et alj2010h . 

One of the next steps will be to couple the si mple models 
prese nted here with an assembly history prediction (McG ee~et al.l 
120091) to achieve better constraints. Finally, with a larger sample 
of both group and isolated galaxies, and a comparison with more 
massive galaxy clusters at this redshift, we will be better able to 
determine to what extent these transforming galaxies are associated 
with the group environment. 
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